Successful surgical management of malignant skull base tumors depends on both tumor resection and reconstruction of the cranial base defect. The primary goals of skull base reconstruction are to repair dural defects, to prevent the development of cerebrospinal fluid fistulas, and to provide a protective barrier that isolates the intracranial contents from the nasopharynx and paranasal sinuses. Failure to do so can result in potentially life-threatening infectious complications. With modern skull base and reconstructive techniques, malignant tumors in this region, which were once deemed inoperable, can now be safely removed. The authors review the different modalities available for skull base reconstruction following tumor resection. 
Skull base surgery has undergone an evolution as advanced microsurgical techniques and modern neuroimaging allow for safe and radical resection of most malignant skull base tumors. Surgical management is best optimized using a multidisciplinary team consisting of neurosurgeons, otolaryngologists, and plastic surgeons. Surgical ablation often requires extensive resection, which can result in large cranioorbitomaxillary defects. 20, 34 Successful tumor ablation must be followed by proper reconstruction of the skull base defect. It is of paramount importance to create an anatomical and functional seal between the intracranial and extracranial contents, preferably by using vascularized tissue for dural coverage. 8, 20, 23, [35] [36] [37] [38] A watertight closure of dura and a vascularized cover are necessary to enhance primary healing of the intracranial wound, especially when the dural closure is tenuous and/or has been repaired with a graft. The use of well-vascularized tissue for dead-space obliteration and skull base coverage is especially important in the setting of planned administration of perioperative radiation therapy. If possible, attempts should be made to restore function and optimize the cosmetic result.
In 1966, Ketcham, et al., 22 described the use of splitthickness skin grafts for covering exposed dura following a craniofacial resection of an anterior skull base tumor. This produced an unacceptably high incidence of CSF leakage. This study revealed the extreme importance of adequate coverage of the exposed dura and brain following removal of skull base tumors. Since then, surgeons have widely recognized the need to use vascularized tissue for the dural seal. 8, 23, 28 Consequently, large forehead scalp flaps, and galea-myofascial, glabellar, temporalis, and pericranial grafts were used to cover anterior skull base defects. 1, 4, 10, 14, [17] [18] [19] 30, 31 The need to reconstruct more extensive anterior skull base defects led to the development of distant pedicled musculocutaneous flaps arising from the pectoralis major, trapezius, latissimus dorsi, or sternocleidomastoid muscles; 2, [24] [25] [26] 32, 33 however, because the flap is tethered by a vascular pedicle, the reach is often limited by the vascular attachment below the clavicle. 8 Currently, the most widely accepted technique is microsurgical free tissue transfer of musculocutaneous flaps (free flaps) from a variety of distant sites. [5] [6] [7] [8] [9] 15, 16, 21, 29, 38, 39 Free flaps have revolutionized skull base reconstruction by providing replacement of tissue that can be customized to fit massive cranioorbitomaxillary defects.
TECHNICAL CONSIDERATIONS AND TISSUE
FLAP SELECTION The complexity of reconstruction is related to the size of the violation of normal boundaries between a sterile intracranial cavity and a bacteria-laden extracranial environment. With small defects, closure of the dura with a graft may suffice if primary closure is not possible. In larger skull base tumor resections, the key is to provide a barrier for the intracranial compartment to protect the dural closure. Failure to achieve a watertight seal may result in a CSF fistula, meningitis, intracranial abscess, or a wound infection that compromises the graft. Flap selection, design, and insetting are the primary components in preventing postoperative complications. 38 The reconstructive needs, functional and esthetic, must be balanced against donor-site morbidity. Types of reconstruction can be categorized as local or regional flaps, pedicled flaps, or free flaps (free tissue transfer). Types of dural repair include primary, graft, or flap. Primary closure of dura is always preferred. If that is not possible, ca-daveric dura, autologous fascial grafts, or pericranial flaps can be used. In general, we prefer autologous materials for dural grafting. A successful dural repair provides a watertight seal, which is often supplemented by well-vascularized tissue. For small-to moderate-sized defects that do not require obliteration of dead space, local and regional flaps suffice. Local pericranial flaps are adequate for repair of smaller anterior skull base defects. Vascularized temporalis muscle flaps may be used for anterolateral defects. For massive cranioorbitomaxillary defects, or in patients who have undergone previous surgery or radiation, free flaps are ideal for reconstruction. 8, 23, 27, 28 Free flap selection is usually based on the size of the defect, the length of pedicle required, the need for bulk or contour, perioperative irradiation, and the surgeon's preference. With careful planning and flap selection, successful reconstruction of the skull base can be performed with a low incidence of complications.
LOCAL TISSUE FLAPS

Pericranial Flaps
The most commonly used flap for reconstruction of anterior skull base defects is the pericranial flap (Fig. 1) . The vascular supply is usually derived from the supraorbital and supratrochlear arteries. During the transbasal approach for craniofacial resection, a vascularized pericranial flap can be harvested from the bicoronal incision. 10, 17, 19, 31 The flap is suspended to the adjacent skull base with sutures passed through drill holes and in some instances is fastened to the skull base with titanium screws directly. Alternatively, it may be sutured to the dural margin beyond the region of dural repair. If the orbital roofs are intact, the pericranial flap may be sufficient in achieving adequate support without formal bone reconstruction. This has become a standard technique in repairing simple midline anterior skull base defects after tumor ablation. Alternatively, an extended pericranial flap can be used for defects extending beyond the clivus into the nasopharynx and cervical spine.
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Temporalis Muscle Flaps
Medial transposition of the temporalis muscle is very effective for reconstruction of anterolateral skull base defects (Fig. 2) . Its use was first described for reconstruction of orbitomaxillary defects. 4 This muscle can be transferred with calvarial bone for orbital rim reconstruction. Limited by its narrow arc of rotation, the temporalis muscle can cover ipsilateral defects of the orbitofrontal region, maxilla, temporal bone, and infratemporal fossa. To preserve its blood supply from the internal maxillary artery, the muscle must remain attached to the coronoid process. Transfer of the entire muscle can result in a significant cosmetic depression in the donor-site area. 20 With larger medially situated defects that communicate with the nasopharynx, temporalis muscle flaps are less reliable and free flaps are usually indicated.
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PEDICLED MYOCUTANEOUS FLAPS
The need to reconstruct more extensive anterior skull base defects led to the development of pedicled musculocutaneous (muscle and overlying skin) flaps. 33 These may be derived from the pectoralis major, trapezius, latissimus dorsi, or sternocleidomastoid muscles.
2,24-26,32,33 Musculocutaneous flaps offer more coverage for larger skull base defects and may provide greater protection against bacterial invasion when compared with skin flaps. 2 Both the pectoralis major and posterior trapezius myocutaneous flaps have been advocated for the reconstruction following temporal bone resection. 3, 26 Because of its proximity, the trapezius myocutaneous flap is favored for reconstructing laterally situated defects of the posterior skull base. 20, 26, 32 The most distal aspect of the pedicled myocutaneous flap is often the most tenuous area of blood circulation. Tension on the vascular pedicle from excessive reach can result in ischemia. A small area of marginal necrosis can lead to introduction of pathogens and subsequent ascending meningitis. Authors of some reports have suggested that pedicled myocutaneous flaps are associated with high complication rates and do not always provide a watertight seal of the nasopharynx. 
FREE TISSUE TRANSFER (FREE FLAPS)
The major advancement in skull base reconstruction is free tissue transfer, which is regarded by most authors as the best method to cover large defects of the skull base. [5] [6] [7] [8] [9] 15, 16, 21, 29, 38, 39 Free flaps have revolutionized skull base reconstruction by providing large quantities of flexible, well-vascularized tissue to cover more medial and extensive defects, especially when multiple cavities (nasal, oral, and pharyngeal) are violated. By providing additional vascularized tissue, these grafts are ideal for extensive resections that involve the removal of dura, bone, muscle, and skin. 13 The large size and conformal ability facilitates obliteration of dead space and isolation of the intracranial cavity from the nasopharynx. They are also optimal for reconstruction of the skull base in patients who have undergone previous surgery or radiation therapy. The wide selection of free flaps include latissimus dorsi (Fig. 3) ,
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Skull base reconstruction rectus abdominus, greater omentum, radial forearm, scapula, parascapula, and tensor fascia lata. The use of free flaps for reconstruction should be reserved for situations in which local and regional flaps are not suitable and when vascularized tissue is required. Many authors have reported that free flaps are associated with fewer complications and are superior to local and pedicled flaps in creating a watertight seal. 8, 9, 16, 21, 37, 38 The rectus abdominis myocutaneous flap (Fig. 4) is the most widely used free flap in skull base reconstruction. 28 It provides a bulky muscle that can obliterate complex three-dimensional dead spaces (Fig. 5) . Tendinous intersections facilitate fixation to the skull base. The external carotid artery, internal jugular vein, and their branches are the recipient vessels for microvascular anastomosis (Fig.  6 ). Postoperative flap monitoring is generally performed by direct clinical examination with an external Doppler probe.
Despite its versatility in reconstruction, the application of free flaps is not without complications, which include flap loss from ischemia and necrosis, flap failure resulting in persistent CSF leakage, ascending meningitis, epidural abscess, subdural empyema, and neurological injury. Urken, et al., 38 reported an 11% failure rate in their series. Those patients underwent immediate reexploration of the wound and a supplemental reconstructive technique. Chang, et al., 8 reported an overall complication rate of 27%, with delayed wound healing as the most common complication. No significant association between the type of reconstruction used and the incidence of complication was demonstrated. There was also no evidence that the location of the defect had any bearing on the complication rate.
BONE RECONSTRUCTION
All of the aforementioned flaps may be used in conjunction with skull base bone reconstruction if needed. In larger defects, particularly in the anterior and middle cranial fossae, if potential herniation of intracranial contents is a concern, bone reconstruction may be undertaken with autologous bone (such as, split thickness calvaria and rib), contemporary bone substitutes, or porous polyethylene. 11, 12 Bone reconstruction in these instances may buttress the flap and dural graft 10, 11 and provide rigidity of the calvarial reconstruction to reduce symptoms related to pressure and postural changes.
CONCLUSIONS
A successful outcome after skull base surgery depends as much on the reconstruction as it does on the tumor ablation. Local flaps, such as pericranial flaps and temporalis Fig. 5 . Intraoperative photographs of a patient with a right maxillary sinus carcinoma that extended into the orbit and skull base, and was excised and reconstructed with a multipaddled (four) free rectus abdominus myocutaneous flap. muscle flaps, are useful for anterior or anterolateral skull base defects. The advent of free tissue transfers has allowed more safe and radical tumor resections and effective reconstruction of extensive defects. With proper flap selection and meticulous microsurgical technique, successful skull base reconstruction can be achieved.
